Intradermal vaccination via gene gun efficiently delivers DNA vaccines into dendritic cells (DCs) of the skin, resulting in the activation and priming of antigen-specific T cells in vivo. In the context of DNA vaccines, we previously used the gene gun approach to test several intracellular targeting strategies that are able to route a model antigen, such as the human papillomavirus type-16 (HPV-16) E7, to desired subcellular compartments in order to enhance antigen processing and presentation to T cells. These strategies include the use of the sorting signal of lysosome-associated membrane protein (LAMP-1), Mycobacterium tuberculosis heat-shock protein 70 (HSP70), calreticulin (CRT) and the translocation domain (dII) of Pseudomonas aeruginosa exotoxin A (ETA). Vaccination with DNA vaccines encoding E7 antigen linked to any of these molecules all led to a significant enhancement of E7-specific CD8
Introduction
DNA vaccines have emerged as an attractive approach for antigen-specific immunotherapy. DNA vaccines offer many advantages over other conventional vaccines such as peptide or attenuated live pathogens. For example, DNA vaccines are relatively stable and can be easily prepared and harvested in large quantities. Additionally, naked plasmid DNA is relatively safe and can be repeatedly administered without adverse effects. Moreover, DNA is able to be maintained in cells for long-term expression of the encoded antigen; therefore, maintenance of immunologic memory is possible (for reviews, see Donnelly et al 1 ; Pardoll and Beckerleg 2 ; Robinson and Torves 3 ).
Intradermal administration of DNA vaccines via gene gun can be used to efficiently deliver genes of interest to professional antigen-presenting cells (APCs) in vivo. 4 The skin contains numerous bone marrow-derived APCs (the Langerhans cells) that are able to move through the lymphatic system from the site of injection to draining lymph nodes, where they prime antigen-specific T cells. 5 Gene gun immunization therefore provides the opportunity to test vaccine strategies that require direct delivery of DNA to APCs.
Based on this system, we have developed many intracellular targeting strategies to improve DNA vaccine potency against the human papillomavirus type-16 (HPV-16) E7 antigen that has been associated with over 99% of all cervical cancers. For example, we have developed strategies to enhance MHC class I presentation of HPV-16 E7 antigen to E7-specific CD8 þ T cells by linking the E7 antigen to calreticulin (CRT), 6 to Mycobacterium tuberculosis heat-shock protein 70 (HSP70), Pseudomonas aeruginosa exotoxin A (ETA(dII)). 8 We have also developed an intracellular targeting strategy to improve both MHC class I and class II presentation of the antigen by linking the antigen to the sorting signal of the lysosome-associated membrane protein 1 (LAMP-1). 9 In testing these strategies, we have shown that mice vaccinated with any of these DNA vaccines can augment E7-specific T-cell responses and antitumor effects when compared to mice vaccinated with E7 DNA alone.
In order to translate the research to the clinical domain, it would be important to directly compare the efficacy among the various DNA vaccines to identify the best candidate for human clinical trials. In this study, we reported that mice vaccinated with pcDNA3-CRT/E7 generated the highest quantity of E7-specific CD8 þ T-cell precursors as well as the highest number of E7-specific CD8 þ memory T cells, resulting in potent tumor treatment and long-term protection effects. Furthermore, the CRT/E7 DNA vaccine is capable of protecting against an E7-expressing tumor that has downregulated MHC class I expression, a common feature shared by many human cancers, including cervical cancers.
Since the pcDNA3-CRT/E7 DNA vector contains an ampicillin-resistance gene and a wild-type E7 gene, it raises a concern for potential transformation of transfected cells. We therefore created a modified vaccine, pNGVL4a-CRT/E7(detox) DNA, which would be more suitable for future human clinical trials. The backbone for the pNGVL4a-CRT/E7(detox) DNA vaccine was obtained from the NIH National Gene Vector Laboratory and is identified as pNGVL-4a. This vector is a secondgeneration plasmid derived from pNGVL-3 which has been approved for human vaccination trials. Similar to its parental vector, pNGVL-4a encodes a kanamycinresistance gene and a transcription unit consisting of a CMV promoter, multiple cloning site, followed by a poly-A tail. However, novel to its parental vector, pNGVL-4a contains two short immunostimulatory DNA sequences (ISS) in the noncoding region of the backbone. The ISS sequences are derived from a bacterial ampicillin-resistance gene and consist of tandem repeats of a CpG dinucleotide in a particular base context, specifically 5 0 -AACGTT-3 0 . It has been demonstrated that an ISS containing pDNA can elicit the production of IFN-g and IL-12 in transfected keratinocytes and dermal APCs, which results in a potent T helper cell type 1 response. 10 This vector also contains a transcription unit that yields high levels of antigen expression and its DNA adjuvant unit elicits strong immunologic Th1 type responses against the pDNA-encoded protein.
Thus, the pNGVL-4a vector is a desirable DNA vector for human clinical trials. For the E7 oncogenic protein, we have substituted the amino acids at positions 24 (cysteine to glycine) and 26 (glutamic acid to glycine) of E7, which has been shown to inhibit protein binding to pRb 11 and would abate E7's ability to transform cells. Our data indicated that mice vaccinated with pNGVL4a-CRT/E7(detox), either through intramuscular injection or gene gun administration, were capable of generating strong E7-specific CD8 
cells in vaccinated mice
Several lines of evidence suggest that CD8 þ T-cell-mediated immune responses are important in controlling both HPV infections and HPV-associated neoplasms. To assess the quantity of E7-specific CD8 þ T-cell precursors generated by pcDNA3, pcDNA3-E7, pcDNA3-CRT/E7, pcDNA3-E7/HSP70, pcDNA3-ETA(dII)/E7, and pcDNA3-Sig/E7/LAMP-1 vaccine constructs, we performed intracellular cytokine staining with flow cytometric analysis using splenocytes derived from vaccinated mice 1 week after the last vaccination. As shown in Figure 1a We then investigated the therapeutic potential of the various chimeric DNA constructs in treating an E7-expressing tumor, TC-1, using a previously described lung hematogenous spread model. 9 . As shown in Figure  2 , mice receiving the pcDNA3-CRT/E7 vaccine exhibited significantly lower numbers of pulmonary nodules compared to mice vaccinated with pcDNA3 or pcDNA3-E7 after TC-1 challenge (Po0.05). When comparing pcDNA3-CRT/E7 to pcDNA3-E7/HSP70, pcDNA3-ETA(dII)/E7, or pcDNA3-Sig/E7/LAMP-1 vaccines, pcDNA3-CRT/E7-immunized mice displayed lower mean numbers of pulmonary nodules than the others (Po0.95).
Vaccination with pcDNA3-CRT/E7 generates the highest number of E7-specific CD8 þ memory T cells and provides long-term tumor protection in vaccinated mice
To assess the quantity of E7-specific CD8 þ memory T-cell precursors generated by pcDNA3, pcDNA3-E7, pcDNA3-CRT/E7, pcDNA3-E7/HSP70, pcDNA3-ETA (dII)/E7, and pcDNA3-Sig/E7/LAMP-1 DNA constructs, we performed intracellular cytokine staining with flow cytometric analysis using splenocytes derived from vaccinated mice 8 weeks after the initial vaccination. As shown in Figure 3 , mice vaccinated with pcDNA3-CRT/E7 DNA exhibited the highest number of E7-specific IFN-g þ CD8 þ memory T-cell precursors compared to mice vaccinated with the other DNA constructs (Po0.05).
To determine whether the pcDNA3-CRT/E7 vaccine can also provide the best long-term tumor protection against E7-expressing tumors in vaccinated mice among all the vaccines, we performed a long-term tumor protection experiment comparing the following vaccines: pcDNA3, pcDNA3-E7, pcDNA3-CRT/E7, pcDNA3-E7/ HSP70, pcDNA3-VP22/E7, pcDNA3-ETA(dII)/E7, and pcDNA3-Sig/E7/LAMP-1 DNA. As shown in Figure 4 , mice vaccinated with the pcDNA3-CRT/E7 DNA exhibited significantly lower numbers of pulmonary nodules compared to mice vaccinated with pcDNA3-Sig/E7/ Comparison of HPV DNA vaccines JW Kim et al LAMP-1, pcDNA3-E7, or pcDNA3 (Po0.05). Although not statistically significant, the pcDNA3-CRT/E7-vaccinated mice also displayed lower mean numbers of pulmonary nodules than mice vaccinated with pcDNA3-E7/HSP70, pcDNA3-VP22/E7, or pcDNA3-ETA(dII)/E7 (Po0.70).
Vaccination with CRT/E7 DNA controls E7-expressing tumors with downregulated MHC class I expression Since most cervical cancers are associated with downregulated MHC class I expression, it is important to determine the effectiveness of the CRT/E7 DNA vaccines in protecting against tumors with low MHC class I expression. Thus, we developed an E7-expressing murine tumor model with downregulated MHC class I expression, TC-1 P3 (A15). To assay for MHC class I expression in TC-1 P0 and TC-1 P3 (A15) tumor cells, cells were harvested and prepared for flow cytometric analysis. As shown in Figure 5a , TC-1 P3 (A15) exhibited distinct downregulation of MHC class I expression relative to TC-1. We then performed a tumor protection experiment in C57BL/6 mice whereby mice were vaccinated with 2 mg of CRT/E7 DNA, CRT DNA, E7 DNA, or vector alone, followed by challenge 1 week later with 5 Â 10 4 TC-1 P3 (A15) tumor cells. As shown in Figure 5b , mice vaccinated with pcDNA3-CRT/E7 DNA demonstrated 100% protection against tumor challenge with TC-1 P3 (A15) up to 45 days after tumor challenge. In contrast, all mice vaccinated with pcDNA3-CRT, pcDNA3-E7, or pcDNA3 vector alone all developed tumors within 14 days.
We have previously shown that IFN-g is essential to the antitumor effect generated by DNA vaccines employing M. tuberculosis HSP70 linked to E7 against an E7-expressing tumor cell line with downregulated MHC class I expression. 12 To determine if IFN-g is essential for the antitumor effect generated by vaccination with CRT/ E7 DNA, we vaccinated wild-type and IFN-g KO C57BL/6 mice followed by challenge with TC-1 P3 (A15). As shown in Figure 5c , while 100% of wildtype mice vaccinated with pcDNA3-CRT/E7 were protected against challenge with TC-1 P3 (A15), only 20% of IFN-g KO mice vaccinated with pcDNA3-CRT/E7
were protected against TC-1 P3 (A15) challenge. These results indicate that the CRT/E7 DNA is capable of controlling E7-expressing tumors with downregulated MHC class I expression and that IFN-g is essential for the antitumor effect. 
-cell immune responses
Since the pcDNA3-CRT/E7 DNA vector contains an ampicillin-resistance gene and the wild-type E7 has concerns for transformation, the pcDNA3-CRT/E7 DNA vaccine is not suitable for human clinical trials. We therefore created pNGVL4a-CRT/E7(detox) DNA for future clinical trials. Since we plan to perform our HPV vaccine trials through intramuscular immunization, it is important to demonstrate that vaccination with pNGVL4a-CRT/E7(detox) intramuscularly can also enhance E7-specific CD8
þ T-cell immune responses. As shown in Figure 6a and b, intramuscular and gene gun immunization of mice with pNGVL4a-CRT/E7(detox) DNA significantly increased the number of E7-specific CD8 þ T-cell precursors compared to vaccination with pNGVL4a-E7(detox) or pNGVL4a vector alone (Po0.05). We also observed that gene gun-mediated immunization of pNGVL4a-CRT/E7(detox) generated more E7-specific CD8
þ T-cell precursors than intramascular (i.m.) immunization of pNGVL4a-CRT/E7(detox) (Po0.05).
Furthermore, in the tumor protection experiments using E7-expressing tumors with downregulated MHC class I expression (TC-1 P3 (A15)), our results indicated that mice vaccinated with pNGVL4a-CRT/E7(detox) DNA demonstrated 100% protection against TC-1 P3 (A15) up to 45 days after tumor challenge (data not shown). These results indicate that the pNGVL4a-CRT/E7(detox) DNA, like the pcDNA3-CRT/E7 DNA, is capable of generating marked increase in the number of E7-specific CD8 þ T cells and is capable of controlling E7-expressing tumors with downregulated MHC class I expression. Thus, the pNGVL4a-CRT/E7(detox) DNA may be a suitable candidate vaccine to advance into human trials for control of HPV infections and HPV-associated lesions.
Discussion
In this study, we compared the E7-specific CD8
þ T-cell immune responses and antitumor effects generated by five effective DNA vaccines (pcDNA3-CRT/E7, pcDNA3-E7/HSP70, pcDNA3-ETA(dII)/E7, pcDNA3-Sig/E7/LAMP-1) previously developed in our lab to determine the most potent DNA vaccine as a candidate for use in future human clinical trials. We found that mice vaccinated with pcDNA3-CRT/E7 generated the highest quantity of E7-specific CD8 þ T-cell precursors as well as the highest number of E7-specific CD8 þ memory T cells, resulting in potent tumor treatment and longterm protection effects. We also observed that the CRT/ E7 DNA vaccine is capable of controlling tumors with downregulated MHC class I expression, suggesting that the vaccine may also be useful for treating patients with cervical lesions with downregulated MHC class I expression that normally would facilitate tumor immune evasion. We have also created and tested pNGVL4a-CRT/E7(detox) DNA vaccine for future clinical trials. Our results indicated that the pNGVL4a-CRT/E7(detox) DNA vaccine, administrated via gene gun or intramuscularly, was able to generate an enhancement of E7-specific CD8
þ T-cell immune responses in vaccinated mice. Thus, we believe that these data provide a strong rationale for carrying this DNA vaccine into a clinical setting.
Our data indicated that CRT/E7 DNA is capable of controlling tumors with downregulated MHC class I expression. One concern related to the efficacy of immunotherapy is that tumors can evade immune responses through various mechanisms, including MHC class I downregulation. 13 20 and cervical cancer. [21] [22] [23] By downregulating MHC class I expression, tumor cells escape immune recognition; thus avoid killing by antigen-specific CD8 þ T cells. In this study, we demonstrated the effectiveness of the CRT/E7 DNA vaccine against tumors with low MHC class I expression, suggesting that the CRT/E7 vaccine may be useful for treating patients with advanced cervical cancer with downregulated MHC class I expression.
Our previous study determined that a DNA vaccine encoding M. tuberculosis HSP70 linked to E7 was able to generate antitumor effects against the TC-1 P3 (A15) Figure 6 Intracellular cytokine staining with flow cytometry analysis to demonstrate the number of E7-specific CD8 þ T-cell precursors in mice vaccinated with pNGVL4a-CRT/E7(detox). One group of C57BL/6 mice were immunized intramuscularly with 50 mg of the various DNA vaccines and received a booster with the same regimen one week later. Another group of C57BL/6 mice were immunized intradermally via gene gun with 2 mg of the various DNA vaccines and received a booster with the same regimen 1 week later. Splenocytes were collected one week after the last vaccination. The number of E7-specific IFN-g-secreting CD8
þ T-cell precursors was analyzed using intracellular cytokine staining followed by flow cytometry as described previously. 6 Comparison of HPV DNA vaccines JW Kim et al tumor cell line. 12 In that study, we showed that IFN-g was required for tumor protection and that IFN-g could upregulate MHC class I expression on TC-1 P3 (A15) tumor cells to levels equivalent to P0 cells. This indicated that IFN-g secreted by CTLs generated as a result of vaccination with HSP70/E7 DNA may protect against TC-1 P3 (A15) challenge by upregulating MHC class I expression of tumor cells. In this study, we found that our CRT/E7 DNA vaccine provides protection against a tumor cell line with downregulated MHC class I expression. In order to elucidate the role of IFN-g in this protection, we studied the ability of vaccination with CRT/E7 DNA to protect against TC-1 P3 (A15) tumor challenge in IFN-g KO C57BL/6 mice and wild-type C57BL/6 mice. We found that IFN-g was essential to the observed antitumor response. Thus, the tumor protection generated by CRT/E7 DNA against TC-1 P3 (A15) tumor occurs via an IFN-g-dependent mechanism.
We observed that both gene gun and i.m. administration of the pNGVL4a-CRT/E7(detox) DNA were capable of generating enhanced E7-specific CD8
þ T-cell immune responses in vaccinated mice when compared to mice vaccinated with pNGVL4a-E7(detox) and pNGVL4a vector alone, suggesting their potential to elicit E7-specific CD8
þ T-cell immune responses in vaccinated humans. Our data indicated that gene gun-mediated vaccination of pNGVL4a-CRT/E7(detox) generated more E7-specific CD8 þ T cells than i.m. administration of pNGVL4a-CRT/E7(detox) in vaccinated mice. The route of administration likely plays an important role in the observed differences mediated by DNA vaccines encoding CRT/E7.
Intradermal immunization via gene gun directly targets antigen to professional APCs, Langerhans cells, 4, 5 allowing the intracellular strategy to further improve direct presentation of antigen to T cells by DNAtransfected DCs. In comparison, intramuscular immunization likely targets antigen to myocytes, and the antigen encoded by DNA vaccine is eventually presented through bone marrow-derived APCs through the cross-priming mechanism. Vaccination with pNGVL4a-CRT/E7(detox) likely led to secretion of chimeric CRT/ E7(detox) protein or lysis of cells expressing CRT/ E7(detox) antigen, releasing the chimeric protein exogenously to be taken up and processed by other APCs via the MHC class I-restricted pathway. The linkage of CRT to E7 may facilitate the cross-priming of E7 antigen. One recent study found that CD91, an a2 macroglobulin receptor commonly expressed on professional APCs, serves as a receptor for HSPs, including CRT, and facilitates cross-priming. 24 Intramuscular immunization of DNA vaccines encoding CRT/E7(detox) may allow for prolonged release of CRT/E7(detox) protein from transfected cells to target, concentrate CRT/E7(detox) to professional APCs, and facilitate the cross-priming of E7 antigen. Therefore, different routes of administration may generate different degrees of immune response elicited by the same vaccine.
In summary, our studies indicated that CRT/E7 DNA vaccine may be an attractive therapeutic vaccine not only because of its ability to generate an effective antitumor response against E7-expressing tumors and its ability to control E7-expressing tumors with downregulated MHC class I expression in vaccinated mice, but also because of its ability to prevent or delay tumor growth by targeting tumor vasculature. The application of the CRT/E7 DNA is not limited to treating patients with E7-expressing cervical cancers. The vaccine may also provide general antiangiogenesis benefits to other cancer patients through the CRT molecule encoded by the vaccine.
Materials and methods

Plasmid DNA construction
The generation of pcDNA3, pcDNA3-E7, pcDNA3-CRT/ E7, 6 pcDNA3-E7/HSP70, 7 and pcDNA3-ETA(dII)/E7 8 has been described previously. To generate pcDNA3-Sig/E7/LAMP-1, Sig/E7/LAMP-1 was cut at the EcoRI/ BamHI sites from pCMV(neo)-Sig/E7/LAMP-1 9 and cloned into pcDNA3.
For generation of pNGVL4a-E7(detox), the E7 gene was cloned into pNGVL4a (National Gene Vector Laboratory) using the EcoRI and KpnI restriction sites. Using site-directed mutagenesis, two point mutations, which had previously been found to reduce Rb binding, 11 were introduced into the E7 gene. The primers used to introduce these mutations were as follows: E7(detox) forward: 5 0 -ctgatctctacggttatgggcaattaaatga cagctc 3 0 and E7(detox) reverse: 5 0 gagctgtcatttaattgc ccataaccgtagagatca 3 0 . For generation of pNGVL4a-CRT/E7(detox), CRT was PCR amplified by primers (5 0 aaagtcgacatgctgctatccgtgccgctgc 3 0 and 5 0 -gaattcgttgtctggccgcacaatca 3 0 ) using a human CRT plasmid as a template (which was kindly provided by Dr David Llewellyn of Department of Medical Biochemistry at University of Wales College of Medicine at Cardiff, UK). The PCR product was cut with SalI/EcoRI and cloned into the SalI/EcoRI sites of pNGVL4a-E7(detox). The accuracy of DNA constructs was confirmed by DNA sequencing.
Mice
Female C57BL/6 mice (6-8 weeks old) were purchased from the National Cancer Institute (Frederick, MD, USA) and kept in the oncology animal facility of the Johns Hopkins Hospital (Baltimore, MD, USA). IFN-g knockout mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). All animal procedures were performed according to approved protocols and in accordance with the recommendations for the proper use and care of laboratory animals.
Generation of TC-1 and TC-1 P3 (A15) tumor cell line
The production and maintenance of TC-1 cells has been described previously. 25. For the generation of TC-1 P3 (A15), Vac-Sig/E7/LAMP-1-vaccinated mice were challenged with TC-1 tumor cells. Vaccination with Vac-Sig/ E7/LAMP-1 elicits E7-specific antitumor responses against HPV-16 E7-expressing tumors (TC-1), although the vaccine fails to prevent tumor formation in approximately 20% of the vaccinated mice. 25 The outgrown TC-1 tumors from Vac-Sig/E7/LAMP-1-vaccinated mice were explanted, cut into pieces of less than 1 mm in diameter, digested with collagenase at a concentration of 1 mg/ml in DMEM (GIBCO BRL, Rockville, MD, USA), and expanded in vitro. These expanded cell lines were called TC-1 P1. Vac-Sig/E7/LAMP-1 vaccinated mice were then challenged with TC-1 P1 tumor cells. Approximately 40% of vaccinated mice developed tumors (data b (clone 28-8-6) (BD Bioscience, San Diego, CA, USA) monoclonal antibody was used to detect MHC class I expression. Both TC-1 and TC-1 P3 (A15) cells were grown in RPMI 1640, supplemented with 10% (vol/vol) fetal bovine serum, 50 Un/ml penicillin/streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 2 mM nonessential amino acids, and 0.4 mg/ml G418 at 371C with 5% CO 2 . On the day of tumor challenge, tumor cells were harvested by trypsinization, washed twice with 1X Hank's buffered salt solution (HBSS), and finally resuspended in 1 Â HBSS to the designated concentration for injection.
DNA vaccination
For the gene gun-mediated intradermal vaccination, DNA-coated gold particles (1 mg DNA/bullet) were delivered to the shaved abdominal region of C57BL/6 mice using a helium-driven gene gun (BioRad, Hercules, CA, USA) with a discharge pressure of 400 p.s.i., according to a previously described protocol.
7 C57BL/6 mice were vaccinated via gene gun with either 2 mg of pcDNA3, pcDNA3-E7, pcDNA3-CRT/E7, pcDNA3-E7/ HSP70, pcDNA3-ETA(dII)/E7, pcDNA3-Sig/E7/LAMP-1, pNGVL4a, pNGVL4a-E7(detox), or pNGVL4a-CRT/ E7(detox). These mice received a booster with the same regimen 1 week later.
For the i.m.-mediated DNA vaccination, 50 mg/mouse of pNGVL4a, pNGVL4a-E7(detox), and pNGVL4a-CRT/E7(detox) DNA vaccines were delivered intramuscularly by syringe needle injection. These mice received a booster with the same regimen 1 week later.
Intracellular cytokine staining and flow cytometry analysis
Cell surface marker staining of CD8 and intracellular cytokine staining for IFN-g as well as FACScan analysis was performed using conditions described previously. 7 Prior to FACScan, splenocytes from different vaccinated groups of mice were collected and incubated for 20 h with 1 mg/ml of E7 peptide (aa 49-57, RAHYNIVTF) 26 containing an MHC class I epitope for detecting E7-specific CD8 þ T-cell precursors. Golgistop (Brefeldin A) was added 6 h before harvesting the cells from the culture. Triplicate experiments were performed using a pool of spleen cells from the group of mice vaccinated with the same vaccine construct. The number of IFNg-secreting CD8 þ T cells was analyzed using flow cytometry. Analysis was performed on a BectonDickinson FACScan with CELLQuest software (BectonDickinson Immunocytometry System, Mountain View, CA, USA).
In vivo tumor treatment experiment using TC-1 tumors
For in vivo tumor treatment experiments using an E7-expressing tumor (TC-1), mice (five per group) were intravenously challenged through the tail vein with 1 Â 10 4 TC-1 cells/mouse. At seven days after tumor challenge, mice were administered 2 mg of pcDNA3, pcDNA3-E7, pcDNA3-CRT/E7, pcDNA3-E7/HSP70, pcDNA3-ETA(dII)/E7, or pcDNA3-Sig/E7/LAMP-1 DNA via gene gun. At 1 week after the first vaccination, these mice were boosted with the same regimen. Mice were killed and lungs were explanted on day 28. The pulmonary nodules on the surface of the lungs in each mouse were counted by experimenters blinded to sample identity as described previously.
9
(8-week) long-term in vivo tumor protection experiment For the 8-week long-term tumor protection experiment, mice (five per group) were vaccinated via gene gun with 2 mg of pcDNA3, pcDNA3-E7, pcDNA3-CRT/E7, pcDNA3-E7/HSP70, pcDNA3-ETA(dII)/E7, or pcDNA3-Sig/E7/LAMP-1 DNA. After 1 week, mice were boosted with the same regimen as the first vaccination. At 8 weeks after the initial vaccination, mice were intravenously (i.v.) challenged with 1 Â 10 5 TC-1 cells/mouse via tail vein. Mice were killed 28 days after the tumor challenge and lung surface pulmonary nodules in each mouse were counted by experimenters blinded to sample identity.
In vivo tumor protection against TC-1 P3 (A15) MHC class I down-regulated tumors C57BL/6 mice (five per group) were vaccinated with pcDNA3, pcDNA3-E7, pcDNA3-CRT, pcDNA3-CRT/E7, pNGVL4a, pNGVL4a-E7(detox), or pNGVL4a-CRT/ E7(detox) DNA vaccines mediated by gene gun injection as described above. At 1 week after the last vaccination, mice were challenged with 5 Â 10 4 TC-1 P3 (A15) tumor cells by subcutaneous injection in the right leg. Tumor growth was monitored by visual inspection and palpation twice weekly as described previously. 25 For the experiment performed with wild-type C57BL/ 6 mice and IFN-g KO C57BL/6 mice, mice (five per group) were vaccinated via gene gun with 2 mg of pcDNA3-CRT/E7 DNA and then boosted with the same regimen 1 week later. At 1 week after the last vaccination, mice were challenged with 5 Â 10 4 TC-1 P3 (A15) tumor cells by subcutaneous injection in the right leg. Tumor growth was monitored by visual inspection and palpation twice weekly as described previously. 25 
Statistical analysis
All data expressed as means7s.d. are representative of at least two different experiments. Data for intracellular cytokine staining with flow cytometry analysis and tumor treatment experiments were analyzed by analysis of variance (ANOVA). Comparisons between individual data points were made using a Student's t-test. KaplanMeier survival curves for tumor protection experiments were applied; for differences between curves, P'values
Comparison of HPV DNA vaccines JW Kim et al were calculated using the log-rank test. The value of Po0.05 was considered significant.
